1. Introduction {#s0005}
===============

Utilization of wild mushrooms as a food source started with prehistoric man. Human as a hunter collected wild fungi of forest that serve as important source of nutrition during the long period. There are many edible mushrooms i.e. Agarics, Volvarias, Polypores and tubers fungi that have been used as ethno-botanical food by the tribal of forest regions. These are obviously non toxic as these have been in intimate human consumption by native and tribal, since ancient past [@b0005]. Mushrooms offer significant vital health benefits, including antioxidants, cholesterol-lowering properties, anti-hypertensive, anti-inflammatory, liver protection, as well as anti-diabetic, anti-viral, and anti-microbial properties [@b0010]

*Lentinus tigrinus* and *G. lucidium* are proved anticholesterolmic [@b0015]. *Lentinus edodes* has been used to enhance vigour, sexuality, energy and as an anti aging agent. Lentinan sulphate obtained from *Lentinus* species inhibits HIV [@b0020]. *Lentinus sajor-caju* can easily be recognized in the field by its large, thin, whitish to cream pileus with pale brown disc, lacking or with small squamules at the center, short stipe with annulus or annular ridge [@b0025] *Lentinus* sp. is high source of protein, carbohydrate and low amounts of fat and possess high quantities of micronutrients (vitamins and carotenoids) and minerals (P, K, Mn, Ni, and Fe) with strong antioxidant properties [@b0030].

*Ganoderma lucidum* is considered to be a natural medicine that promotes longevity and maintains the vitality of human beings. *G. lucidum* is well known as traditional medicine used against cancer, viral and bacterial infection, diabetes, and liver injury. Among its activities, its anticancer properties have been the most interesting studies. It revealed cytotoxic activity of suppressed inflammatory breast cancer [@b0035], [@b0040], [@b0045], [@b0050]. The genus *Leucoagaricus* has been well studied in Europe. However, species diversity of *Leucoagaricus* in Asia remains poorly known.

Now a day's molecular techniques are becoming very important for the taxonomic and phylogenetic relationship studies among different fungi [@b0055]. By the use of DNA based techniques like Random Amplified Polymorphic DNA Polymorphism (RAPD), Amplified Fragments length Polymorphism (AFLP), Restriction Fragment Length Polymorphism (RFLP) or DNA sequence analysis (nSSU and mtSSU), limitation of identification of mushroom strains based on a few morphological characters can be overcome.

Any of the molecular methods mentioned above could be combined with morphological methods to make identification of fungal species reliable [@b0060]. The random amplified polymorphic DNA (RAPD) is a convenient method to detect genetic diversity [@b0065]. This method has been particularly successful when applied to check the strains of mushrooms with different origins [@b0060]. RAPD have been used to examine material from the genera *Agaricus*, *Coprinus* and *Lentinula* [@b0070]. Genetic Diversity Characterization of *Pleurotus* strains by Random Amplified Polymorphic DNA Fingerprinting has been performed by various workers [@b0075], [@b0080]. Fruiting body observations provide information about the fungi on the surface. In addition, evolutionary relationships cannot be determined accurately through morphology alone [@b0085]**.**

2. Materials and methods {#s0010}
========================

2.1. Study sites {#s0015}
----------------

Forest areas of four districts Anuppur, Rewa, Shahdol and Umaria of Central India were main study sites of present study ([Fig. 1](#f0005){ref-type="fig"}). Sampling sites for mushroom collection of these four study sites are shown in the map.Fig. 1Map showing sampling sites of Central India for study of mushroom diversity.

2.2. Samples collection and identification {#s0020}
------------------------------------------

Extensive survey of the sampling sites of forest areas of four districts Anuppur, Rewa, Shahdol and Umaria was done in rainy season (2012--13**).** Ecological features, macroscopic studies and mushroom field test were performed. Specimens were preserved in dried as well as in wet form. Samples were identified to their respective families, genera and species by consulting literature [@b0090], [@b0095], [@b0100], [@b0105], [@b0110]. Help of mushroom guide "The great encyclopedia of mushrooms" [@b0115] "Eye Witness Handbooks Mushroom" [@b0120] was also taken. Help of experts in taxonomy of mushroom was also taken when ever required.

2.3. Genomic DNA isolation {#s0025}
--------------------------

DNA isolation and RAPD Analysis of Mushrooms was done by the following protocol [@b0125], [@b0130]. Total three species, 12 populations and 30 accessions were used for genetic diversity study for RAPD analysis 0.50 g of dried fruiting bodies of all 30 mushroom samples were cut into small pieces and were soaked in 1 ml buffer. After that all pieces were incubated at 65 °C for 2 h. After incubation the samples were homogenised using pestle and mortar.15 ml of Lysis buffer was added [@b0125]. The tubes were incubated at 65 °C for 1 h in a water bath with intermittent mixing. Centrifuge at 1000 rpm for 15 min to separate out the unlysed cells. Supernatant was transferred to a fresh 30 ml centrifuge tube carefully. Equal volumes of chloroform was added and mixed well. Centrifuge this at 10,000 rpm for 15 min. The aqueous layer was pipette out into the fresh 30 ml centrifuge tube without taking the interface. Equal volumes of isopropanol and 1/10th volumes of 3 M sodium acetate was added and mixed well. Then left at room temperature to stand for 5--10 min. Centrifuge at 10,000 rpm for 15 min and the supernatant was discarded. The pellet was washed with 500 µl of 70% ethanol. The pellet air dried and suspended in 500 µ1 of 1X Tris--EDTA buffer. To remove PCR inhibitors, further the DNA sample was purified by Column purification.

2.4. Column purification {#s0030}
------------------------

The column was placed in collection tube, 400 µl of equilibration buffer was added to the column and centrifuged at 10,000 rpm for 1 min. Collected buffer was discarded. 400 µl of equilibration buffer was added to the DNA samples, mixed and loaded into the column (This step was repeated till the DNA sample was completed). Flow through was discarded. 500 µl of wash buffer 1 was added, centrifuged at 10,000 rpm for 1 min and buffer was discarded. 500 µl of wash buffer 2 was added, centrifuged at 10,000 rpm for 1 min and buffer was discarded. The column was centrifuged with empty collection tube to completely remove the wash buffer for 2 min. 50 µl of elution buffer was added to the column placed in new collection tube. Incubated at room temperature for 2 min and centrifuge at 10,000 rpm for 1 min and eluted sample was saved (elution 1). Previous step was repeated. (DNA may elute in this fraction also) (elution2) Quantization of eluted DNA samples was done by loading into the Agarose gel.

Genomic DNA was isolated from the dried fruiting bodies of mushrooms and quantity and quality was observed using UV spectrophotometer. The amount of isolated DNA was varied from 461.92 to 1980.38 ng/µl DNA and absorbance ratio of A~260/280~ was obtained in the range of 1.71--1.98.

2.5. Random Amplified Polymorphic DNA (RAPD) {#s0035}
--------------------------------------------

Isolated DNA from all 30 accessions of 12 populations of mushroom species were amplified using 7 fungal RAPD Primer F-1, OPG-06, OPC-07, OPD-08, OPA-02, OPD-02, OPB-10 and observed under UV light after resolving on 1.5% agarose gel with mid range ruler ranging from 0.1, 0.2, 0.3, 0.6, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 kb. Supplier name ARISTOGENE BIOSCIENCES PVT Ltd. Number of bands were 10. Sequence of primers, GC%, annealing temperature and length is shown ([Table 1](#t0005){ref-type="table"}). All 30 samples were categorized into three groups; in each group four populations were taken which belongs to Anuppur, Rewa, Shahdol and Umaria districts of Vindhyan Region. And the first group consists 14 accessions, while the second and third group have 8 accessions each group.Table 1Primers with their sequence, GC%, Annealing temperature and length.S. No.PrimersSequenceGC%Annealing temperatureLength1.F-1 PrimerCTGGACACAC6045 °C throughout the experiment10 bp2.OPC-06GAACGGACTC603.OPC-07GTCCCGACGA704.OPD-08GTGTGCCCCA705.OPA-02TGCCGAGCTG706.OPD-02GGACCCAACC707OPB-10CTGCTGGGAC70

The amplification of genomic DNA was done by 7 random decamer nucleotide primers which were OPA-02 (TGCCGAGCTG), OPB-10 (CTGCTGGGAC), OPD-02 (GGACCCAACC), OPC-06 (GAACGGACTC), OPD-08 (GTGTGCCCCA), OPC-07 (GTCCCGACGA), F-1 Primer (CTGGACACAC).

### 2.5.1. Polymerase chain reaction {#s0040}

Reaction recipe for PCR amplification of genomic DNA was as follows. PCR master mix 20 µl, double distilled water17 µl, random primer 1 µl, template DNA 2 µl. Each reaction volume (40 µl) was pipetted into Eppondorf tube and placed in thermal cycler for amplification. The following thermal profile was applied for RAPD-PCR. Step 1 -- Initial denaturation at 94 °C for 5 min, step 2 -- Denaturation at 94 °C for 30 s, step 3 -- annealing at 45 °C for 1 min, step 4 -- extension at 72 °C for 1.30 min step 5 -- final extension at 72 °C for 7 min.

### 2.5.2. Electectrophoretic analysis of RAPD products {#s0045}

RAPD-PCR product were analysed on 1.5% agarose gel to generate fragments and later stained with ethidium bromide, which were visualized with uv-transilluminater then documented by gel documentation system. The molecular weight of bands was estimated using a mid range ruler ranging from 0.1, 0.2, 0.3, 0.6, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 kb.

2.6. Statistical analysis {#s0050}
-------------------------

The molecular weight of all bands was calculated and binary matrix was prepared by scoring as absence and presence. For each RAPD markers, polymorphic information content (PIC) and heterozygosity (H) were calculated using Molecular Kinships 3.0. Similarity indices, distance matrix and phylogenetic tree were prepared using the PAST software [@b0135], using Jaccard's coefficient and UPGMA, using binary matrix. Observed number of alleles (Na), effective number of alleles (Ne), gene diversity (H) described by [@b0140], Shannon\'s information index (I), relative differentiation (G~ST~), estimate of gene flow from \[G~ST~ (Nm)\], total heterozygosity (Ht), within population heterozygosity (Hs), genetic identity and genetic distance within population and group, number of polymorphic bands (NPB) and percentage of polymorphic bands (PPB) were calculated using Popgene version 1.31. Average genetic distances in the all populations and groups were calculated and Phylogenetic tree was analysed using MEGA software version 5 [@b0145]. A matrix of pair wise F~ST~ (Genetic distances between populations), Average pair wise differences [@b0150] AMOVA, sum of squares (SS), variance components (Vc), percentage of variation (Pv) and fixation index (F~ST~) were calculated with significance level 0.005 using software Arlequin version 3.5 [@b0155]. Input files were converted using Microsoft Excel based GenAlEx 6.5 software [@b0160] from one form to another.

3. Results {#s0055}
==========

The genetic structure among and within the 12 populations of three species was estimated with following parameters-

3.1. Genetic diversity according to primers {#s0060}
-------------------------------------------

### 3.1.1. Percentage of polymorphism {#s0065}

Percentage of polymorphism was calculated according to the presence and absence of bands for all RAPD primers. All seven primers used for diversity study generate total 111 bands and average 15.86 ± 5.21 bands per primer. Maximum 26 bands were generated by F-1 and minimum 11 bands were generated by the OPB-10. All bands were polymorphic and 100% polymorphism was observed ([Table 2](#t0010){ref-type="table"})Table 2Total numbers of bands, percentage of polymorphic bands and their size generated by RAPD primers in all 30 accessions (mushroom samples collected from different sampling sites).S. No.Primer NameTotal bandsNPBPPBBand size (Aprox.)1F-12626100%210-26002OPC- 061818100%060-31003OPC -071212100%180-22004OPD-081212100%270-26005OPA -021515100%240-24006OPD -021717100%230-32007OPB -101111100%320-2400  Mean ± SD15.86 ± 5.2115.86 ± 5.21100%[^1]

### 3.1.2. Polymorphic Information Content (PIC) {#s0070}

The program Molecular Kinships 3.0 was used for the simple calculation of polymorphic information content (PIC) and heterozygosity (Ho) for every primer between and within the group. Among the populations, mean of Ho observed was with 0.913 ± of mean PIC, while the maximum Ho (0.9412) and PIC (93.81) were observed in OPA-02 primer and minimum Ho (0.8409) and PIC (82.51) were recorded in OPB-10 primer. In the first group (GD), 0.811 ± 0.101 mean Ho with 78.820 ± 11.311 mean PIC was observed. Maximum Ho (0.9074) and PIC (90.01) was observed in primer OPC-06, while minimum Ho (0.6122) and PIC (56.98) was observed in primer OPB-10. The second group (Lg) had mean Ho and PIC of (0.820 ± 0.044) and (79.757 ± 5.344)respectively with maximum Ho (0.8571) and PIC (84.40) in primer OPC-07, while in primer OPD-08 had a minimum Ho (0.7959) and PIC (76.56). The third group (Ls) had mean Ho and PIC of 0.738 ± 0.083 and 70.077 ± 10.304 respectively with maximum Ho (0.8281) and PIC (80.55) in primer OPD-08, had a minimum Ho (0.6250) and PIC (55.47) in primer OPD-02 ([Table 3](#t0015){ref-type="table"}).Table 3Polymorphic Information Content (PIC) and Heterozygosity (Ho) for every primer and between and within Groups (*Ganoderma lucidum*, *Leucoagaricus* sp., *Lentinus* sp.)SNName of primerAll GroupGroup 1 GdGroup 2 LgGroup 3 LsnH~O~PICNH~O~PICnH~O~PICnH~O~PIC1F-1280.917891.35100.887887.70100.843882.73100.812579.752OPC- 06260.925692.2013**0.907490.01**50.740070.1490.765674.773OPC -07230.93399370.795976.8110**0.857184.40**70.796976.744OPD-08170.926292.1480.843882.536**0.795976.56**7**0.828180.55**5OPA -0222**0.941293.81**90.862284.72100.859484.5140.691464.016OPD -02140.902889.5050.765372.9970.795977.193**0.625055.47**7OPB -1013**0.840982.51**4**0.612256.98**70.846982.7740.648459.25  **Mean** ± **SD20.429** ± **5.8550.913** ± **0.03490.644** ± **3.8348.000** ± **3.0550.811** ± **0.10178.820** ± **11.3117.857** ± **2.1160.820** ± **0.04479.757** ± **5.3446.286** ± **2.6900.738** ± **0.08370.077** ± **10.304**[^2][^3]

### 3.1.3. Polymorphism and PIC of each primer {#s0075}

Total number of observed bands, percentage of polymorphic band, Ho and PIC of each primer is described. RAPD primer F-1 amplified total 26 bands among the range of 210--2600 bp. ([Table 2](#t0010){ref-type="table"}). Polymorphic information content (PIC = 91.35) and heterozygosity (Ho = 0.9178) of this primer was recorded ([Table 3](#t0015){ref-type="table"}) in all the groups. PIC 87.70, 82.73 and 79.75 and Ho 0.8878, 0.8438 and 0.8125 was observed in group 1, 2, and 3 respectively.

Total 18 bands were generated by fungal RAPD Primer OPC-06, with the range of 060 to 3100 bp. Thus 100 percent of polymorphic bands (PPB) were observed ([Table 2](#t0010){ref-type="table"}). Polymorphic information content (PIC = 92.20) and heterozygosity (Ho = 0.9256) of this primer was observed ([Table 3](#t0015){ref-type="table"}). Fungal RAPD Primer OPC-07 amplified total 12 bands between the range of 180 to 2200 bp. Polymorphic information content (PIC = 93) and heterozygosity (Ho = 0.9339) of this primer was observed. Total 12 bands were generated by RAPD primer OPD-08 between the range of 270--2600 bp. Polymorphic information content (PIC = 92.14) and heterozygosity (Ho = 0.9262) of this primer was detected ([Table 3](#t0015){ref-type="table"}). RAPD primer OPA-02 produced total 15 bands between the range of 240 to 2400 bp. 100 percentage of polymorphic band (PPB) was observed ([Table 2](#t0010){ref-type="table"}). Polymorphic information content (PIC = 93.81) and heterozygosity (Ho = 0.9412) of this primer was recorded ([Table 3](#t0015){ref-type="table"}). Total 17 bands were generated by RAPD Primer OPD-02 with the range of 230 to 3200 bp ([Table 2](#t0010){ref-type="table"}). Polymorphic information content (*PIC* = 89.50) and heterozygosity (*Ho* = 0.9028) of this primer was observed ([Table 3](#t0015){ref-type="table"}) RAPD Primer OPB-10 produced total 11 bands between the range of 320 to 2400 bp. Out of 100.00 percentage of polymorphic band (PPB) was observed ([Table 2](#t0010){ref-type="table"}). Polymorphic information content (PIC = 82.51) and heterozygosity (Ho = 0.8409) of this primer was recorded ([Table 3](#t0015){ref-type="table"}).

3.2. Genetic variation {#s0080}
----------------------

Observed number of alleles (Na), effective number of alleles (Ne), gene diversity (H), Shannon\'s information index (I), total heterozygosity (Ht), within population heterozygosity (Hs), number of polymorphic bands (NPB) and Percentage of polymorphic bands (PPB) were calculated for the estimation of genetic variation in the populations. The observed genetic variation among and within the populations and the species are described below.

### 3.2.1. Within population genetic variation {#s0085}

Within populations, population Gd showed maximum Na (1.2342 ± 0.4254), Ne (1.2234 ± 0.4105), H (0.1137 ± 0. 2075), I (0.1588 ± 0.2892), NPB (26.) and PPB (23.42), while, the minimum Na (1.0360 ± 0.1872), Ne (1.0288 ± 0.1498), H (0.0160 ± 0.0832), I (0.0229 ± 0.1192), NPB (4) and PPB (3.60) were observed in population GdU ([Table 4](#t0020){ref-type="table"})Table 4Genetic variation (Mean ± SD) within populations of *Ganodermalucidum*, *Leucoagaricus* sp., *Lentinus* sp.SLPopNNaNeHITNBNPBPPB**1GdA41.2342** ± **0.42541.2234** ± **0.41050.1137** ± **0. 20750.1588** ± **0.2892**111**2623.42**2GdR31.0631 ± 0.24421.0505 ± 0.19530.0280 ± 0.10850.0401 ± 0.155411176.313Gds41.1622 ± 0.37031.1261 ± 0.29900.0698 ± 0.16140.1006 ± 0.23121111816.22**4GdU31.0360** ± **0.18721.0288** ± **0.14980.0160** ± **0.08320.0229** ± **0.1192**111**43.60**5LgA21.0721 ± 0.25981.0721 ± 0.25980.0360 ± 0.12990.0500 ± 0.180111187.216LgR21.0721 ± 0.25981.0721 ± 0.25980.0360 ± 0.12990.0500 ± 0.180111187.217LgS21.0541 ± 0.22711.0541 ± 0.22710.0270 ± 0.11360.0375 ± 0.157411165.418LgU21.0811 ± 0.27421.0811 ± 0.27420.0405 ± 0.13710.0562 ± 0.190111198.119LsA21.0721 ± 0.25981.0721 ± 0.25980.0360 ± 0.12990.0500 ± 0.180111187.2110LsR21.1081 ± 0.31191.1081 ± 0.31190.0541 ± 0.15600.0749 ± 0.21621111210.8111LsS21.0631 ± 0.24421.0631 ± 0.24420.0315 ± 0.12210.0437 ± 0.169311176.3112LsU21.0541 ± 0.22711.0541 ± 0.22710.027 ± 0.11360.0375 ± 0.157411165.41[^4][^5][^6][^7][^8][^9][^10][^11][^12]

### 3.2.2. Within group genetic variation- {#s0090}

Within populations of first group (Gd), the Na (1.5225 ± 0.5018), Ne (1.3292 ± 0.3649), H (0.1941 ± 0.1998), I (0.2891 ± 0.2894), Ht (0.1863 ± 0.0382) and Hs was (0.0569 ± 0.0059) while 58 NPB with 52.25 PPB was observed ([Table 5](#t0025){ref-type="table"}).Table 5Genetic Variation statistics among population within group (*Ganoderma lucidum*, *Lecoagaricus* sp. and *Lentinus* sp.) (Mean ± SD).S.No.GroupPopulation SizeSample SizeNaNeHI*HtHs*TNBNPBPPB1Gd4141.5225 ± 0.50181.3292 ± 0.36490.1941 ± 0.19980.2891 ± 0.28940.1863 ± 0.03820.0569 ± 0.00591115852.252Lg481.6577 ± 0.47661.4459 ± 0.38200.2565 ± 0.20160.3776 ± 0.28730.2565 ± 0.04060.0349 ± 0.00571117365.773Ls481.5045 ± 0.50221.3075 ± 0.37990.1788 ± 0.19900.2681 ± 0.28520.1788 ± 0.03960.0372 ± 0.00391115650.45  **All groups12301.9640** ± **0.18721.6089** ± **0.29460.3545** ± **0.13430.5268** ± **0.17050.3610** ± **0.01870.2072** ± **0.013011110796.40**[^13][^14][^15][^16][^17][^18][^19]

Within populations of Second group (Lg), the Na (1.6577 ± 0.4766), Ne (1.4459 ± 0.3820), H (0.2565 ± 0.2016), I (0.3776 ± 0.2873), Ht (0.2565 ± 0.0406) and Hs was (0.0349 ± 0.0057) while 73 NPB with 65.77 PPB was observed ([Table 5](#t0025){ref-type="table"}).

Within populations of Third group (Ls) the Na (1.5045 ± 0.5022), Ne (1.3075 ± 0.3799), H (0.1788 ± 0.1990), I (0.2681 ± 0.2852), Ht (0.1788 ± 0.0396) and Hs was (0.0372 ± 0.0039) while 56 NPB with 50.45 PPB was observed ([Table 5](#t0025){ref-type="table"}).

### 3.2.3. Among populations genetic variation (All group**)** {#s0095}

Within populations of All Group the Na (1.9640 ± 0.1872), Ne (1.6089 ± 0.2946), H (0.3545 ± 0.1343), I (0.5268 ± 0.1705), Ht (0.3610 ± 0.0187) and Hs was (0.2072 ± 0.0130) while 107 NPB with 96.40 PPB was observed ([Table 5](#t0025){ref-type="table"}).

3.3. Phylogenetic tree (dendrogram)- {#s0100}
------------------------------------

Phylogenetic tree were prepared using UPGMA (Unweighed Pair Group Method with Arithmetic Average) method. When dendrogram was prepared using a binary matrix of 30 accessions, three major clusters i.e. cluster I, cluster II and cluster III were generated, which represent the population of the species *Ganoderma lucidum*, *Leucoagaricus* sp. and *Lentinus* sp. respectively. Cluster I consist 3 sub cluster A, B and C while cluster II consist of 2 sub-clusters E and F and cluster III consist of 2 sub clusters G and H. All 7 sub-clusters represent 12 populations of three mushroom species ([Table 7](#t0035){ref-type="table"} and [Fig. 2](#f0010){ref-type="fig"}). In the cluster I, population of GdR was closely related to population GdU. In the cluster II, LsA was more similar to Ls U and Ls R was very close to Ls R. In cluster III, LgA was close to Lg S and Lg R was close to Lg U. Pair wise difference between and among *Ganoderma lucidum*, *Leucoagaricus* sp. and *Lentinus* sp. shown in [Table 6](#t0030){ref-type="table"}.Fig. 2Dendrogram representing genetic identity and genetic distance among 30 accessions.Table 6Pairwise Fst Distance method: Pairwise difference between and among *Ganoderma lucidum*, *Leucoagaricus* sp. and *Lentinus* sp.GdAGdRGdSGdULgALgRLgSLgULsALsRLsSLsUGdA0.00000GdR0.575520.00000GdS0.586820.691130.00000GdU0.614390.720340.715590.00000LgA0.713670.884790.800890.902040.00000LgR0.698940.861820.780740.906830.841580.00000LgS0.751170.898310.81740**0.91930**0.658540.857140.00000LgU0.708240.866940.799500.897210.742420.734380.785710.00000LsA0.719170.889910.827340.919250.850470.794870.851060.817200.00000LsR0.650470.844030.769280.875700.821430.772730.825240.790000.6551 70.00000LsS0.685250.877300.811180.907110.857140.823530.870000.829790.74576**0.34483**0.00000LsU0.727140.902200.828410.928020.867920.818180.876290.842110.440000.731340.793650.00000[^20][^21]Table 7Genetic Identity and Genetic distance among 30 accessions (Mushroom samples collected from 30 different sampling sites).0.000GdA-1GdA-2GdA-3GdA-4GdR-1GdR-2GdR-3GdS-1GdS-2GdS-3GdS-4GdU-1GdU-2GdU-3LgA-1LgA-2LgR-1LgR-2LgS-1LgS-2LgU-1LgU-2LsA-1LsA-2LsR-1LsR-2LsS-1LsS-2LsU-1LsU-2GdA-10.0000.0450.2160.1980.2160.2430.2340.3240.2790.3420.2790.2700.2790.2880.5050.4860.3870.3870.5500.5320.4410.4320.4410.4050.3240.3600.3690.3420.4140.450GdA-20.0450.0000.2070.2250.1890.2160.1890.2970.2700.3330.2700.2250.2340.2430.4960.4770.3780.3780.5410.5230.4320.4230.4500.4140.3330.3510.3600.3330.4230.423GdA-30.2160.2070.0000.0180.2880.2970.2520.3060.2610.3240.2610.2340.2430.2520.4500.3780.4770.4770.4770.4590.4770.4680.4960.4960.4500.4680.4590.4500.4860.486GdA-40.1980.2250.0180.0000.2880.2970.2700.3240.2610.3420.2610.2520.2610.2700.4500.3780.4770.4770.4770.4590.4770.4680.4960.4960.4320.4680.4590.4500.4680.505GdR-10.2160.1890.2880.2880.0000.0270.0360.2340.2430.2520.2430.1260.1350.1260.4500.4680.3690.3870.4590.4590.3870.4320.4770.4590.4140.4140.4230.3780.4500.486GdR-20.2430.2160.2970.2970.0270.0000.0630.2250.2340.2430.2340.0990.1080.0990.4410.4590.3600.3780.4500.4500.3960.4410.4860.4860.4050.4230.4140.3870.4590.496GdR-30.2340.1890.2520.2700.0360.0630.0000.2160.2070.2340.2250.1260.1170.1260.4500.4500.3870.3870.4590.4410.4050.4320.4770.4590.4140.4140.4230.3780.4680.468GdS-10.3240.2970.3060.3240.2340.2250.2160.0000.1170.0360.1170.2340.2250.2340.4320.4500.4050.4230.4410.4410.4230.4500.5140.5320.4140.4320.4590.4500.5050.486GdS-20.2790.2700.2610.2610.2430.2340.2070.1170.0000.1170.0540.2250.2160.2430.4230.4230.3780.3780.4680.4500.4320.4410.4680.4860.3870.4410.4500.4410.4590.477GdS-30.3420.3330.3240.3420.2520.2430.2340.0360.1170.0000.1170.2340.2250.2340.4500.4680.4050.4230.4590.4590.4410.4680.5320.5500.4320.4500.4590.4500.5230.505GdS-40.2790.2700.2610.2610.2430.2340.2250.1170.0540.1170.0000.2070.2160.2250.4230.4410.3780.3960.4500.4500.4500.4770.4860.4860.3870.4230.4500.4410.4410.459GdU-10.2700.2250.2340.2520.1260.0990.1260.2340.2250.2340.2070.0000.0270.0180.3960.4140.4230.4410.4230.4230.4050.4320.4960.4960.3960.4320.4050.3780.4680.486GdU-20.2790.2340.2430.2610.1350.1080.1170.2250.2160.2250.2160.0270.0000.0270.4230.4230.4320.4320.4320.4140.4140.4230.5050.5050.4050.4410.4140.3870.4770.477GdU-30.2880.2430.2520.2700.1260.0990.1260.2340.2430.2340.2250.0180.0270.0000.3960.4140.4230.4410.4230.4230.4050.4500.4960.4960.4140.4500.4230.3960.4680.468LgA-10.5050.4960.4500.4500.4500.4410.4500.4320.4230.4500.4230.3960.4230.3960.0000.0720.4590.4590.1890.2070.3150.3060.5140.4770.5050.5230.4590.4860.4860.505LgA-20.4860.4770.3780.3780.4680.4590.4500.4500.4230.4680.4410.4140.4230.4140.0720.0000.4590.4410.1710.1710.2970.2700.4770.4590.4860.5050.4770.4680.4500.468LgR-10.3870.3780.4770.4770.3690.3600.3870.4050.3780.4050.3780.4230.4320.4230.4590.4590.0000.0720.4500.4500.2880.3150.3600.3780.4050.3870.3780.3870.3690.351LgR-20.3870.3780.4770.4770.3870.3780.3870.4230.3780.4230.3960.4410.4320.4410.4590.4410.0720.0000.4320.4320.2700.2790.3420.3240.4050.3870.3780.3870.3330.333LgS-10.5500.5410.4770.4770.4590.4500.4590.4410.4680.4590.4500.4230.4320.4230.1890.1710.4500.4320.0000.0540.3060.3150.4140.4320.4770.4590.4500.4590.4410.459LgS-20.5320.5230.4590.4590.4590.4500.4410.4410.4500.4590.4500.4230.4140.4230.2070.1710.4500.4320.0540.0000.3240.3150.4140.4320.4590.4590.4500.4410.4230.423LgU-10.4410.4320.4770.4770.3870.3960.4050.4230.4320.4410.4500.4050.4140.4050.3150.2970.2880.2700.3060.3240.0000.0810.4320.4140.4770.4590.4500.4410.4230.441LgU-20.4320.4230.4680.4680.4320.4410.4320.4500.4410.4680.4770.4320.4230.4500.3060.2700.3150.2790.3150.3150.0810.0000.4230.4050.4320.4320.4050.3960.4140.432LsA-10.4410.4500.4960.4960.4770.4860.4770.5140.4680.5320.4860.4960.5050.4960.5140.4770.3600.3420.4140.4140.4320.4230.0000.0720.2790.2430.2700.2610.1170.117LsA-20.4050.4140.4960.4960.4590.4860.4590.5320.4860.5500.4860.4960.5050.4960.4770.4590.3780.3240.4320.4320.4140.4050.0720.0000.2790.2430.2700.2610.0990.117LsR-10.3240.3330.4500.4320.4140.4050.4140.4140.3870.4320.3870.3960.4050.4140.5050.4860.4050.4050.4770.4590.4770.4320.2790.2790.0000.1080.1350.1260.3060.324LsR-20.3600.3510.4680.4680.4140.4230.4140.4320.4410.4500.4230.4320.4410.4500.5230.5050.3870.3870.4590.4590.4590.4320.2430.2430.1080.0000.1350.1260.2880.288LsS-10.3690.3600.4590.4590.4230.4140.4230.4590.4500.4590.4500.4050.4140.4230.4590.4770.3780.3780.4500.4500.4500.4050.2700.2700.1350.1350.0000.0630.2970.297LsS-20.3420.3330.4500.4500.3780.3870.3780.4500.4410.4500.4410.3780.3870.3960.4860.4680.3870.3870.4590.4410.4410.3960.2610.2610.1260.1260.0630.0000.2700.270LsU-10.4140.4230.4860.4680.4500.4590.4680.5050.4590.5230.4410.4680.4770.4680.4860.4500.3690.3330.4410.4230.4230.4140.1170.0990.3060.2880.2970.2700.0000.054LsU-20.4500.4230.4860.5050.4860.4960.4680.4860.4770.5050.4590.4860.4770.4680.5050.4680.3510.3330.4590.4230.4410.4320.1170.1170.3240.2880.2970.2700.0540.000[^22][^23]

4. Discussion {#s0105}
=============

RAPD is still one of the cheapest and quickest method for accessing variability at the DNA level. Molecular markers were used for the genetic diversity analysis of various mushroom species such as discrimination of different strains of *Agaricus bisporus* [@b0060], [@b0165] *Pleurotus* sp. [@b0170] *Ganoderma lucidum* [@b0175], [@b0125], [@b0180] *Lentinula edodes* [@b0185] RAPD marker is preferred over other molecular markers for the genetic diversity analysis because it is simple, easy to use, dominant and does not require any specific knowledge of the DNA sequence [@b0130]. According to [@b0065] phylogenetic analysis of RAPD profiles proved more useful in revealing both inter-generic and intra-species variability than ITS multiple sequence alignment alone. Inspite of many advantages there are certain limitations of RAPD. RAPD markers are dominant. Amplification either occurs at a locus or it does not, leading to scores based on band presence or absence. This means that homozygotes and heterozygotes cannot be distinguished. In addition, the absence of a band through lack of a target sequence cannot be distinguished from that occurring through the lack of amplification for other reasons (e.g., poor quality DNA), contributing to ambiguity in the interpretation of results.

[@b0190], [@b0125], [@b0180] also used RAPD markers for studying genetic diversity among different isolates of *Ganoderma lucidum.* [@b0155] Studied genetic diversity among six local isolates of *Ganoderma lucidum.* [@b0195] reported that environmental factors, variability, inter hybridization and morphological propensity causes inaccurate identification of *Ganoderma lucidum*.

Polymorphism occurs when two or more different phenotypes exist in the same population of a species or the occurrence of more than one form or morph. Polymorphism is common in nature; it is related to biodiversity, genetic variation and adaptation; it usually functions to retain a variety of forms in a population living in a varied environment [@b0200]. Polymorphism results from evolutionary processes, as does any aspect of a species. It is heritable and is modified by natural selection. The ability of a species to respond adaptively to environmental changes depends on the level of genetic variability it contains [@b0205]. [@b0210] have also studied genetic characterization of isolates of the basidiomycete *Agaricus blazei* by RAPD.

In present study seven RAPD primers were used to access the diversity within and among twelve populations of three mushroom species *Ganoderma lucidum*, *leucoagaricus* sp. and *Lentinus* sp. Total of 111 bands were scored by 7 RAPD primers in 30 accessions of three mushroom species *Ganoderma lucidum* (Gd), *Leucoagaricus sp* (Lg), and *Lentinus* sp. (Ls). All 111 bands were polymorphic in nature (100%). Therefore, it revealed that the used primers had sufficient potency for population studies and 30 accessions had higher genetic differences among each other. In best of the knowledge, this is the first report, which accesses the genetic diversity between three mushroom species (Gd *Ganoderma lucidum*, Lg *Leucoagaricus sp*., Ls *Lentinus*).

The polymorphic percentage ranged from 3.60 to 23% within twelve populations, while polymorphic percentage among group was 40.56, among population within groups was 41.12 and within population was 18.32. This indicated that the genetic diversity within the population was very low, but slightly higher in the populations of three species.

Among seven populations, within the first group, within the second group and within the third group mean PIC = 90.644 ± 3.834, 78.820 ± 11.311, 79.757 ± 5.344 and 70.077 ± 10.304 respectively, showed high level of polymorphic informativeness of used markers and suggested that these markers were equally effective in determining polymorphisms. The PIC value of each RAPD primers was determined by both the number of alleles and their frequency distribution within a population and was used to assess their informativeness level (high PIC \> 0.5, moderate 0.5 \> PIC \> 0.25 and low PIC \< 0.25) [@b0215], [@b0220]. Therefore, in this study, polymorphic information content (PIC) of individual primers was calculated for among 12 populations and within the three groups. The PIC value has been used for evaluating genetic variation in many studies using RAPD markers [@b0225], [@b0230], [@b0235], [@b0240], [@b0245], [@b0250]. PIC was also evaluated in other molecular markers [@b0255], [@b0260], [@b0265], [@b0270].

4.1. Study of genetic variation {#s0110}
-------------------------------

For the genetic diversity analysis, genetic variation in a diverse population was estimated through several parameters like observed number of alleles (Na), effective number of alleles (Ne), gene diversity (H), Shannon\'s Information index (I), observed and expected heterozygosity (Ht and Hs) [@b0275], [@b0280].

In the present study, within the population,very low value of the observed number of alleles (Na), effective number of alleles (Ne), gene diversity (H), Shannon\'s information index (I) was observed. Within each group (Gd *Ganoderma lucidum*, Lg *Leucoagaricus* sp., Ls *Lentinus* sp.) had slightly higher value of Na, Ne, H and I was observed as compared to within their population. Among 30 accession highest values of Na, Ne, H and I were recorded. Similarly the observed and expected heterozygosity (Ht and Hs) was higher in the 30 accessions in comparison to the groups. These informations further state that the genetic diversity was increasing in an order of within population, within the group, among the group and among accessions.

Study among population within group revealed that genetic variation among all groups was highest (96.40). Polymorphism percentage of first group was 52.2, second group 65.77 and third group was 50.45.

4.2. Relative differentiation and estimate of gene flow {#s0115}
-------------------------------------------------------

Gene flow is a collective term that includes all the mechanism resulting in the movement of genes from one population to another. In this study, higher relative differentiation in within three groups (G~ST~ = 0.2198), (G~ST~ = 0.0788) and (G~ST~ = 0.1312) was observed in respect to the relative differentiation among 30 accessions (G~ST~ = 0.6737). On the other hand, gene flow was higher among the 30 accessions (Nm = 0.7396) in respect to the gene flow of within three groups (Nm = 0.198, 0.0788, 0.1312). These data revealed that the populations of three mushroom species (*Ganoderma lucidum*, *Leucoagaricus* sp. and *Lentinus* sp.) shown low genetic diversity (having a higher relative differentiation) and restricted gene flow (having a lower Nm value) as compare to the 30 accessions of mushroom species. Assessment of gene flow from one population to another is an important parameter for study of genetic diversity.

4.3. Analysis of Molecular Variants (AMOVA) {#s0120}
-------------------------------------------

The significance of the covariance components was calculated with the different possible levels of genetic structure (among groups, among populations within groups and within populations). Among three groups representing Gd., Lg and Ls, Among populations within groups shown highest percentage of variation (Pv = 41.12) while within populations, the lowest percentage of variation (18.32) was observed. This result also support that the highest genetic variation was present among groups in comparison to among the population within a species and lowest genetic variation was observed within the population. Similar observations were also made by [@b0125].

4.4. Genetic distance and phylogenetics {#s0125}
---------------------------------------

The phylogenetic tree developed through the distance matrix of 30 accessions of three mushroom species (*Ganoderma lucidum*, *Leucoagaricus* sp. and *Lentinus* sp.) also confirmed the findings of all the parameters like polymorphism, genetic variation, relative differentiation, gene flow and AMOVA. Because the phylogenetic tree consists three major clusters and population of this cluster represent their respective species and the genetic distance is lesser within the population and pretty higher within the species, while highest distance among population, which was in accordance with earlier reports. Phylogenetic tree also showed that the accessions of *Ganoderma lucidum*, *Leucoagaricus sp*, and *Lentinus* sp. collected from the same location were present at same sub-cluster in the tree, similarly, populations of all three species exist in the major clusters of the respective species. In addition to this, the phylogenetic tree also categorized the populations according to their geographical positions. These clustering system seem to be in agreement with [@b0125]. He performed RAPD analysis to study inter species and intra species variations. He used 8 isolates of *Agaricus bisporus*, 16 isolates of *Ganoderma lucidum* and 22 isolates of *Lactarious delicious.* It clustered the 16 isolates of *Ganoderma lucidum* into three main groups. Genetic distance between the species showed that group I and group II were closely related to each other.

High levels of genetic diversity within populations are always desirable to ensure that they are genetically sustainable. Adaptability is correlated with diversity and should be an important driver for conservation in response to environmental change [@b0285].

5. Conclusion {#s0130}
=============

From this study it can be concluded that samples collected from same places show more similarity and less distance. Mushroom species collected from four different districts have shown good genetic distance and more percentage of variation (41.12%) which proved that these species are established species of this area and genetically adopted in the climatic conditions of this region. Dendrogram of 30 accessions showed that sampled species are having good genetic boundary according to the location.

This rich biodiversity of Vindhyan region needs further exploration to widen the nutritional and medicinal base of the rural population who depend on the mushrooms through conservation, cultivation and commercialization activities. The rich diversity of mushrooms in Umaria district of Vindhyan region, offers huge socio-economic potentials. However, they need to be properly documented for optimum application. Hence, this study is an important first step towards producing a checklist of mushrooms of Vindhyan region.
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[^1]: PPB = Percentage of polymorphic Band, NPB = No of polymorphic Band.

[^2]: where Gd = *Ganoderma lucidum*, Lg = *Leucoagaricus* sp., Ls = *Lentinus* sp.

[^3]: Bold fonts indicate maximum and minimum values in given table.

[^4]: Na = Observed number of alleles.

[^5]: Ne = Effective number of alleles.

[^6]: H = Nei\'s gene diversity.

[^7]: I = Shannon\'s Information index.

[^8]: N = Sample size.

[^9]: TNB = Total no of bands.

[^10]: PPB = Percentage of polymorphic Band.

[^11]: NPB = No of polymorphic Band.

[^12]: Bold fonts indicate maximum and minimum values in given table.

[^13]: Na = Observed number of alleles.

[^14]: Ne = Effective number of alleles.

[^15]: H = Nei\'s gene diversity.

[^16]: I = Shannon\'s Information index.

[^17]: TNB = Total no of bands.

[^18]: NPB = No. of polymorphic site.

[^19]: PPB = Percentage of polymorphic bands.

[^20]: where Gd = *Ganoderma lucidum*, Lg = *Leucoagaricus sp*., Ls = *Lentinus* sp. A = Anuppur, R = Rewa, S = Shahdol, U = Umaria.

[^21]: Bold fonts indicate maximum and minimum values in given table.

[^22]: Gd = *Ganoderma lucidum*, Lg = *Leucoagaricus* sp., Ls = *Lentinus* sp., A = Anuppur, R = Rewa, S = Shahdol, U = Umaria, GdA 1--4 = Amarkantak, Keonchi, Rajendragram, Pondki, GdR 1--3 = Local Rewa ((University Campus), Chuhiya forest, Semariya Forest GdS 1--4 = Jaisinghnagar Beohari, Gohparu, Kudari, GdU 1--3 = Manpur, Nowrojabad, Ghunghuti, LgA-1and2 = Rajendragram Keonchi, LgR-1 and 2 = Local Rewa, Sohagi, LgS-1 and 2 = Kudari, Barbaspur, LgU-1 and 2 = Nowrojabaad, Ghunghuti.

[^23]: LsA-1 and 2 = Amarkantak, Rajendragram, LsR-1 and 2 = Chuhiya Ghati, Sirmour, LsS-1 and 2 = Gohparu, Beohari, LsU-1 and 2 = Barbaspur, Ghunghuti
